Down syndrome (DS) individuals develop several neuropathological hallmarks seen in Alzheimer's disease, including cognitive decline and the early loss of cholinergic markers in the basal forebrain. These deficits are replicated in the Ts65Dn mouse, which contains a partial trisomy of murine chromosome 16, the orthologous genetic segment to human chromosome 21. Oxidative stress levels are elevated early in DS, and may contribute to the neurodegeneration seen in these individuals. We evaluated oxidative stress in Ts65Dn mice, and assessed the efficacy of long-term antioxidant supplementation on memory and basal forebrain pathology. We report that oxidative stress was elevated in the adult Ts65Dn brain, and that supplementation with the antioxidant vitamin E effectively reduced these markers. Also, Ts65Dn mice receiving vitamin E exhibited improved performance on a spatial working memory task and showed an attenuation of cholinergic neuron pathology in the basal forebrain. This study provides evidence that vitamin E delays onset of cognitive and morphological abnormalities in a mouse model of DS, and may represent a safe and effective treatment early in the progression of DS neuropathology.
Introduction
Down syndrome (DS) is characterized as a complete or partial trisomy of chromosome 21 leading to variable degrees of learning disabilities. In addition, individuals with DS develop pathologies reminiscent of Alzheimer's disease (AD) during middle-age, including amyloid plaques and progressive degeneration of basal forebrain cholinergic neurons (BFCN) (Casanova et al., 1985; Mufson et al., 2003) , and many individuals develop further cognitive deterioration consistent with Alzheimer's-type dementia (Wisniewski, et al., 1985) . BFCNs provide the major cholinergic innervation to the hippocampus and cortex (Mesulam et al., 1983) , and thereby influence the processing of information necessary for attention and cognition in both animals and humans (Perry et al., 1977; Whitehouse et al., 1982) . The phenotypic loss of cholinergic neurons is a hallmark of AD, and correlates strongly with memory loss ). An animal model for DS, the Ts65Dn mouse, contains a segmental trisomy of murine chromosome 16 that is orthologous to the genetic segment of human chromosome 21 most commonly implicated in DS (Davisson et al., 1990; Reeves et al., 1995) . Ts65Dn mice exhibit several deficits seen in DS individuals, including progressive cognitive decline (Hunter et al., 2003a,b; Reeves et al., 1995) and adult-onset degeneration of BFCNs (Cooper et al., 2001; Granholm et al., 2000; Holtzman et al.,1996) . The amyloid precursor protein (App) gene is triplicated in the Ts65Dn mouse, and this gene triplication is required for early endosomal abnormalities (Cataldo et al., 2003) , diminished nerve growth factor transport, and BFCN loss in the Ts65Dnmouse (Salehi et al., 2006) . These pathologies occur despite the absence of amyloid plaques in the Ts65Dn mouse (Reeves et al., 1995) , though elevations in both APP (Seo and Isacson,2005) and β-amyloid (Hunter et al., 2004a,b) occur with aging in the hippocampus of this model, indicating that a build up of APP metabolites may contribute to this pathology. Spatial memory deficits have been well characterized in this model using hippocampal-dependent tasks such as the radial arm (Bimonte-Nelson et al., 2003; Hunter et al., 2003a,b) and Morris water mazes (Escorihuela et al.,1998; Reeves et al.,1995) , and together with altered synaptic transmission and morphology (Cataldo et al., 2003; Insausti et al.,1998; Siarey et al.,1997) suggest impaired hippocampal function. These shared features suggest that Ts65Dn mice serve to model the progression of neuropathology in DS and provide the opportunity to study potential therapeutic interventions for DS and all Alzheimer's-like diseases.
In addition to BFCN pathology, another hallmark now recognized in the progression of Alzheimer's disease is oxidative stress. Brain regions affected in AD show elevated levels of lipid peroxidation (Lovell et al., 1995) . Neurofibrillary tangles and amyloid plaques, both hallmarks of AD, colocalize with markers of oxidative stress (Sayre et al., 1997) . Elevated levels of β-amyloid can induce oxidative damage in vitro (Behl et al., 1992) , and mice transgenic for amyloid accumulation exhibit elevations in markers for oxidative stress (Smith et al., 1998) . As in AD, DS individuals have elevated levels of DNA damage and lipid peroxidation (Jovanovic et al.,1998) , and a pro-oxidant state is present early in the lifespan of DS (Pallardo et al., 2006) . DS cortical neurons in vitro show enhanced reactive oxygen species (ROS) production resulting in increased neuronal degeneration and apoptosis (Busciglio and Yankner, 1995) . Studies in Trisomy 16 neurons show that defects in mitochondrial complex I contribute to these elevations in ROS (Bambrick et al., 2003) . Neuronal survival, which is greatly reduced as a result of oxidative stress levels, can be restored in vitro using antioxidants such as vitamin E (Behar and Colton, 2003; Schuchmann and Heinemann, 2000) . These studies add to growing evidence that the increase in oxidative stress which occurs with aging and neurodegenerative diseases plays an important role in the development of cognitive decline (Lovell and Markesbery, 2007) , and suggests that antioxidant therapy may serve to improve abnormalities in learning and memory in DS.
Normally found in high quantities in the brain, decreased levels of endogenous antioxidants such as α-tocopherol are reduced in individuals with AD (Bourdel-Marchasson et al., 2001; Jimenez-Jimenez et al., 1997) indicating either an enhanced consumption or reduced production of endogenous antioxidants. The primary component of vitamin E, α-tocopherol, is a powerful lipophilic chain-breaking antioxidant that acts as an inhibitor of lipid peroxidation (Azzi et al., 2003) . There have been many clinical trials attempting to establish whether antioxidant treatment is efficacious in neurodegenerative disease, including two large-scale interventional trials in AD (Petersen et al., 2005; Sano et al., 1997) . However, to our knowledge, no studies have evaluated the efficacy of antioxidant administration as a means to prevent Alzheimer's-like symptoms that occur in DS adults, and it is not known if oxidative stress is a major cause of degenerative changes observed in the Ts65Dn model.
The aims of the present study were therefore to assess levels of oxidative stress in the brain of the Ts65Dnmouse, and determine if long-term supplementation with vitamin E could prevent the age-associated cognitive decline and morphological alterations seen in this model. To meet these aims, we tested the efficacy of vitamin E in Ts65Dn using a working and reference memory version of the water-escape radial arm maze (RA maze). This maze avoids the potential confounds of food motivation and thigmotaxic behavior often associated with the land RA maze and Morris maze, respectively, and has been used previously to characterize deficits in spatial memory function in the Ts65Dn mouse (Bimonte-Nelson et al., 2003; Hunter et al., 2003a,b) . We also assessed whether vitamin E treatment was sufficient to prevent morphological changes that occur with age in the Ts65Dn mouse. In addition to assessing BFCN degeneration, we also examined the effects of vitamin E on APP expression, which is increased in Ts65Dn mice, and the expression levels of Calbindin D-28k (CB), a calciumbinding protein which is reduced in the brain of both aging humans (Geula et al., 2003) and Ts65Dn mice (Hunter et al., 2004a,b) , and whose loss may sensitize neurons to oxidative damage (Guo et al., 1998) .
Materials and methods

Subjects
Mice with partial trisomy for a segment of murine chromosome 16 just proximal to the gene for App and extending to the gene for myxovirus resistance (Mx) were developed by Davisson et al. at Jackson Laboratories (Davisson et al., 1990) . Controls for this experiment were normosomic littermates to the Ts65Dn mice with the same genetic background (B6C3HF1). As the C3H mouse strain carries the retinal degeneration allele (rd), the Ts65Dn and normosomic mice were screened and found free of retinal degeneration at Jackson Laboratories before behavioral testing. The trisomy is maintained by mating female carriers (the males are sterile) to C57Bl/6Jeicher × C3H/HeSnJ F1 males on a segregated genetic back-ground (Davisson et al., 1990) .
Subjects consisted of male Ts65Dn mice and normosomic littermates that were acquired from Jackson Laboratories (Bar Harbor, ME) and housed in our animal facility for 1 to 2 months before testing. Due to the difficulty in breeding these mice and therefore obtaining large cohorts, this study was performed in two waves. All mice were single housed, received food and water ad libitum, and were maintained on a 12-hour light/dark cycle. Because the phenotype of Ts65Dn mice is subtle, behavioral testing was conducted blind to the genotype of the animals.
Long-term vitamin E supplementation
All diets and protocols were approved by the institutional animal care and use committee (IACUC) of the Medical University of South Carolina. At 4 months of age, male Ts65Dn mice and littermate controls were randomly selected to be placed on a NIH-31 base diet supplemented with 400 mg dl-β-tocopheryl acetate per kg diet (Harlan, Indianapolis, IN), a ten-fold increase over concentrations in the base diet. Food consumption was monitored throughout treatment, and daily intake of vitamin E was measured at 50 ± 5 mg/kg mouse. This dosage would correspond to 3000 IU in a 60 kg adult, or slightly higher than previous clinical AD trials (Sano et al.,1997) . Long-term animal studies have shown that this dosage reduces levels of oxidative stress in the brain and prevents cognitive deficits in aged rats (Joseph et al., 1998) . Controls were maintained on a standard NIH-31 diet. Control and Vitamin E diets were iso-caloric and similar in taste and color. Food intake was monitored throughout testing, and there were no differences in consumption between treatments.
Visible platform procedure
Mice were tested on a simple visible platform task, described previously (Bimonte-Nelson et al., 2003; Hunter et al., 2003a,b) , 3 days before maze testing began. Briefly, the subject was placed in a black, plastic round tub 75 cm in diameter and partially filled with water (24 °C). The platform was painted black, had a flag with a bold "S" shaped character embossed on it, and was placed about 1 in. above the water level in the tub. Each mouse was given 120 s to find the platform. If it did not find the platform, the subject was guided to it using large forceps. Once on the platform, the mouse remained on it for 20 s. Following each trial, the subject was returned to its heated home cage. After all mice had completed their first trial, the platform was moved to a different previously assigned location. All mice in the group were then given their subsequent trial, until all mice received five trials. Data from the cued visible platform task was analyzed with a 1-Between (Group) 1-Within (Trial) repeated measures analysis of variance (ANOVA).
Water-escape radial-arm maze testing procedure RA maze testing in the first cohort began 15 weeks after the initiation of treatment, when mice (8 normosomic and 8 Ts65Dn) were approximately 7.5 months of age. The second cohort of mice (7 normosomic and 10 Ts65Dn) was maintained on the diet 2 months longer, until 9.5 months of age, before testing (Fig. 1A) . In order to maintain as much consistency as possible, all testing was performed using an identical protocol in the same room, by the same experimenter. As Ts65Dn mice are susceptible to swim-induced hypothermia at lower water temperatures (Stasko and Costa, 2004) , water and ambient temperatures were maintained at 24 °C, and mice were towel dried and placed under heat lamps between trials. Diet regimens continued throughout testing. The testing procedure using the RA maze in mice has been reported in detail previously (Bimonte et al., 2000; Hunter et al., 2004a,b; Hunter et al., 2003a,b) . In brief, an eight-arm maze containing hidden escape platforms in the ends of four of the eight arms was located in a room with salient extra-maze cues that remained constant throughout testing. Each subject was released from the start arm and had 2 min to locate a platform. Once a platform was found, the mouse remained on it for 15 s and was then returned to its heated home cage for 30 s until its next trial. During the interval, the previously chosen platform was removed from the maze before the procedure was repeated. All arm entries were recorded and analyzed for errors. Errors were quantified for each daily session using the orthogonal measures of working and reference memory errors of Jarrard et al. (1984) as done previously in studies using the RA maze (Bimonte-Nelson et al., 2003; Bimonte et al., 2000; Hunter et al., 2004a,b; Hunter et al., 2003a,b) . Working Memory Correct (WMC) errors were the number of first and repeat entries into any arm from which a platform had been removed during that session. Reference Memory (RM) errors were the number of first entries into any arm that never contained a platform. Working Memory Incorrect (WMI) errors were the number of repeat entries into an arm that never contained a platform in the past (thus, repeat entries into a reference memory arm). To determine when during a session errors were made, the number of WMC and WMI errors committed during each trial within each session was determined. This allowed evaluation of differences in performance of the three treatment groups as trials progressed and working memory load increased. Each subject was given one session a day for 15 consecutive days. Day 1 was considered a training session, and days 2 to 15 were testing sessions. The data from days 2 through 15 were grouped into 2-day blocks for graphical analysis, and separated into an acquisition phase (Days 2-9, Blocks 1-4) and asymptotic phase (Days 10-15, Blocks 5-7), as described previously (Hunter et al., 2003a,b) .
Tissue preparation
All animals used for histochemical analysis were anesthetized with halothane and sacrificed by decapitation. First, a sagittal cut to the brain was made to separate the prefrontal cortex, which was frozen on dry ice and kept at −80 °C until Western blot analysis. Another sagittal cut was made to isolate the remaining rostral third of the cerebrum, which included the basal forebrain. This tissue was fixed in 4% paraformaldehyde. The remaining brain was divided into hemispheres, and the right hemisphere was fixed in 4% paraformaldehyde. The left hemisphere was immediately dissected, and the cerebral cortex fraction were frozen on dry ice and kept at −80 °C, and later utilized for the analysis of ROS formation (see below). The forebrain and right hemisphere fractions remained in paraformaldehyde for 48 h and were then transferred to 30% sucrose in 0.1 M phosphate buffer for at least 24 h before sectioning. Serial sections of the forebrain area, containing the medial septal nucleus, and of the right hemisphere, containing the hippocampus, were generated at a thickness of 45 µm on a cryostat.
Immunohistochemistry
Immunohistochemistry for the high-affinity NGF receptor TrkA in the basal forebrain was conducted as described previously (Granholm et al., 2000) . TrkA was chosen as a marker for BFCNs instead of choline acetyl transferase (ChAT) as it shares a >99% colocalization with ChAT (Sobreviela et al.,1994) , and has been shown to deteriorate early in the degenerative process in BFCN of AD and DS subjects Mufson et al., 2006) . Briefly, free-floating sections were rinsed with 0.01 M TBS, incubated in a solution containing 0.3% hydrogen peroxide and 20% methanol in TBS to inhibit residual endogenous peroxidase, and blocked for 1 h in 10% normal goat serum (NGS) and 0.3% Triton X-100. Sections were incubated for 48 h at 4 °C with antibody directed against the high-affinity nerve growth factor receptor TrkA (1:10,000, generously provided by Dr. L. Reichardt). Next, sections were incubated for 1 h with biotinylated anti-rabbit IgG (1:200; Vector Laboratories, Burlingame, CA) followed by incubation in an avidin-biotin complex (ABC Elite; Vector).
Calbindin D-28k histology in the hippocampus was conducted as previously reported utilizing the peroxidase-antiperoxidase method (Hunter et al., 2004a,b) . In brief, using a 0.5 M Trisbuffered saline and 1.5% NaCl buffer (1.5 T), sections were incubated with 0.3% hydrogen peroxide, blocked for 1 h in 10% NGS (as above), and incubated for 48 h at 4 °C with a primary antibody solution (rabbit anti-calbindin D-28k, 1:1,000, Chemicon, Temecula, CA). Sections were incubated with goat anti-rabbit solution (1:200; Sternberger Monoclonals, Lutherville, MD) followed by a rabbit peroxidase-antiperoxidase solution (1:200; Sternberger Monoclonals). All sections were rinsed in 0.01 M imidazole buffer and developed in a nickel ammonium-enhanced diaminobenzidine reaction. Sections were mounted on subbed slides, dehydrated with increasing gradients of ethanol, cleared with two incubations of xylene, and coverslipped with Permount solution.
To control for antibody specificity, we incubated one section without primary antibody and one section without secondary antibody for each different type of staining. No immunostaining was observed in any of these sections. Specificity of TrkA antibody (Sobreviela et al., 1994) and calbindin D-28k (Porter et al., 2001 ) have previously been reported. All sections for each different antibody used were processed together under the same conditions to avoid batch-tobatch differences.
Stereology and image analysis
Quantitative estimates of the total number of TrkA-positive neurons in the medial septal nucleus (MSN) were performed using the optical fractionator method as described previously (Granholm et al., 2002; Hunter et al., 2004a,b; West et al., 1991) . This is an unbiased, stereological cell counting method that is not affected by the volume of reference (MSN) or size of the counted elements (TrkA-positive neurons). After randomly selecting the initial section, every 4th subsequent section was stained for TrkA, providing for a systematic random design. Using StereoInvestigator software (Micro Bright field, Colchester, VT), the MSN region was outlined using the following landmarks: the rostral border consisted of the medial orbital cortex at the level of the midline fusion of the corpus callosum, the caudal border consisted of the midline fusion of the anterior commissure, and the lateral borders consisted of the shell of the accumbens nucleus. Counting began on the first section following the fusion of the corpus callosum, and roughly 8 sections were counted per brain. The outlined region was then measured using optical fractionation, which maintains systematic random design by utilizing disector counting frames (100 × 100 µm), and neurons were counted using a 60× objective lens (1.4 numerical aperture). Cell area and volume measurements for TrkA-positive neurons were performed on the same serial sections using the nucleator probe within StereoyInvestigator (Gundersen et al., 1988) . The nucleator uses a series of six rays that extend out from a point marked at the nucleus. Each intersection of the rays with the cell boundary is located and marked, and together they provide an estimation of cell area. Neurons were randomly selected via the optical fractionator program, with at least 10 neurons sampled per section and at least 50 neurons sampled per brain by an independent and blinded investigator.
Staining intensity of calbindin D-28k immunoreactivity in the cornu ammonis 1 and 2 regions of the hippocampus (CA1/CA2)was performed as described previously (Hunter et al., 2004a,b) . As we were interested in quantifying the relative strength of calbindinimmunoreactivity in CA1 neurons rather than the number of neurons that were calbindinpositive, densitometric measurements were utilized rather than stereologic cell counting. While relative immunoreactivity may also be measured via immunoblot, the size of the region of interest precluded an accurate microdissection. In brief, staining intensity was determined using NIH Image software that measures a gray scale value within the range of 0 to 256, where 0 represents white and 256 black. A template was utilized and applied at the same coordinates for all brains and images were captured with a Nikon Eclipse E-600 microscope, an Olympus-750 video camera system, and a Dell Pentium III computer. Staining density was obtained when background staining was subtracted from mean staining intensities. Measurements were performed blinded on every 12th section through the hippocampus using the same systemic random design described above for cell counts.
Determination of oxidative stress
The production of ROS was assessed on cortical tissues using a f1uorometric assay, as described previously (Joseph et al., 1998; Murray and Lynch, 1998 ). An oxidative reaction converting the stable, non-f1uorescent 2′,7′-dichlorodihydrofluorescein diacetate (H 2 DCFDA) to the highly fluorescent 2′,7′-dichlorofluorescein (DCF) occurs in the presence of ROS, such as hydrogen peroxide. Pre-weighed frozen cortical homogenates were sonicated in 1 ml 40 mM Tris-HCl buffer (pH 7.4) on ice. Homogenates were incubated with H 2 DCFDA (5 µM final concentration; Molecular Probes, Eugene, OR) at 37 °C for 15 min. Fluorescence was monitored on a Spectra Max M5 set for 488 nm excitation and 525 nm emission at intervals of 15 min. Quantification of ROS was assessed from a standard curve of DCF (Sigma, St. Louis, MO) in methanol (range 1 µM-0.01 µM). Values were normalized by protein weight, and results were expressed as µM DCF produced per mg protein.
Western blot analysis
Prefrontal cortex tissue was homogenized in 10 volumes 10 mM HEPES,pH7.4 containing 1mMEDTA, 0.25Msucrose,1 × protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) and 5 mM PNT (1,10-Phenanthro-line) using a Pro homogenizer with a 5 mm generator (PRO Scientific, Oxford, CT) and sonicated twice for 25 s. The homogenate was spun at 2500 rpm for 10 min to remove the nuclear pellet and the supernatant obtained was centrifuged further at 100,000 ×g for 60 min in order to collect the total membrane pellet for analysis of full length APP (APP-FL) and APP C-terminal fragments α and β (CTFα and CTFβ) and supernatants for analysis of secreted APP (sAPP). Western blotting was carried out as described previously (Pinnix et al., 2001) . Briefly, using 15 µg protein from each sample was fractionated on 4-12% Bis-Tris gradient gel (Biorad, Hercules, CA) and transferred onto nitrocellulose filters using the Criterion wet transfer system. The blot was air dried and wetted with boiling PBS (8.1 mM disodium hydrogen phosphate, 1.5 mM potassium dihydrogen phosphate, 137 mM NaCL and 2.7 mM KCL) and blocked in 10% newborn calf serum (Atlanta Biologicals, Atlanta, GA) in TBS (50 mM Tris pH 8.0, 150 mM NaCl, 10 mM EDTA) for 1 h before probing with the primary antibodies -22C11 (1:1000 dilution, residues 67-81 of APP-FL, Chemicon, Temecula, CA) and O443 (1:10,000 dilution, 20 residues on C-terminus of APP) (Pinnix et al., 2001 ) -for a 24 h incubation at 4 °C. The blots were then washed in TBS containing 0.1% Tween-20 (TBST) and incubated with appropriate horse-radish peroxidase-coupled secondary antibodies (Jackson Immunoresearch, West Grove, PA) for 1 h at room temperature and washed again with TBST and developed with chemiluminescent reagents from Millipore corporation (Bedford, MA). The chemiluminescent signal was detected using a Fluorchem HD imager (Alpha Innotech, San Leandro, CA), and quantified using the Alpha Ease software that comes with the instrument. APP-FL and sAPP levels were normalized to total protein levels visualized using a prominently stained band from Ponceau S. The density of metabolites of APP-FL were normalized directly to the APP-FL densities.
Statistics
Unless otherwise specified, all data were analyzed by analysis of variance (ANOVA) for genotype, treatment, and genotype by treatment interactions. To study effects of genotype and treatment on the rate of learning across days, a Poisson regression model was fitted for each of WMI, WMC, and RM, respectively. The data for phase and trial analyses of WMC and WMI were analyzed using a 1-Between (group)×2-Within (days and trials) repeated measures ANOVA (Statview Version 4.0), while RM data was analyzed using a 1-Between (group)×1-Within (days) repeated measures ANOVA to evaluate two-group comparisons of interest. Graphs are presented as errors±standard error of the mean (SEM). As it is not possible to make a WMC error on trial 1, trial 1 was omitted from analysis of WMC errors. Correlations within each group were performed using a correlationZ test. Software Splus 7.0 for Windows was used in the computation. We set significance level at 0.05, and all reported p-values were from 2-tailed tests unless otherwise noted.
Results
Subjects
This experiment was performed in order to determine whether long-term supplementation with vitamin E, a lipophilic molecule with antioxidant potential, would alleviate the cholinergic degeneration and cognitive decline seen in Ts65Dn mice. We administered a diet enriched with the antioxidant vitamin E (Ts65Dn vitamin E, n=10, Normosomic n=5, 50 mg/kg mouse) or a control diet (Normosomic, n=9; Ts65Dn control, n=7) in two cohorts. In the first cohort, a subset of the age-matched, littermate controls were given vitamin E (n=5, 50 mg/kg mouse). Treatment began when the mice were 4 months of age (Fig. 1A) , as the onset of both BFCN degeneration and deficits in spatial memory occur during this time frame in Ts65Dn animals (Granholm et al., 2000; Hunter et al., 2003a,b) . Weight was monitored throughout the study to determine whether significant weight alterations would result from vitamin E supplementation (Normosomic control=42.1±1.9 g; Normosomic Vit E=40.9±2.5 g Ts65Dn Control=31.8±1.6 g Ts65Dn Vit E=35.1±2.0 g). There were significant differences with regard to body weight [F 3,28 Prior to testing in the RA maze, mice were tested in a cued, visible platform task. This task investigated potential genotype differences in swimming and visual ability and introduced the mice to the demands of a water-escape task, such as swimming and searching for the platform. Fig. 1B shows the latency to find the visible platform on the first and last trials of testing. While there was a significant Trials effect [F 4,15 =4.73, p=0.003] , there were no differences among the groups (p=0.18). This indicates that all groups improved their performance across trials and were able to perform the task, and suggests that visual and swimming skills were consistent between groups.
Vitamin E improved Ts65Dn cognitive performance in the radial arm maze
Memory function in the Ts65Dnwas tested using the RA Maze. The RA Maze is a sensitive behavioral task that is able to measure working memory and long-term spatial reference memory simultaneously, and has been used frequently for Ts65Dn mice (Bimonte-Nelson et al., 2003; Hunter et al., 2003a,b) .
The first cohort included an additional normosomic group that received vitamin E to determine whether treatment would affect normosomic mice. A 2-by-2 repeated measures ANOVA of the first cohort assessing the interaction between genotype (Ts65Dn and normosomic) and treatment (vitamin E and control) showed a significant interaction in WMC errors [F 1,1 =6.94; p=0.022] and a marginal interaction in WMI errors [F 1,1 =3.48; p=0.087] . These statistics indicate that vitamin E had differential effects on genotype, as it improved behavioral performance in Ts65Dn mice and provided no cognitive benefit to normosomic animals. Furthermore, normosomic littermates receiving vitamin E showed no differences with normosomic mice receiving the control diet on any measure, behavioral or morphological. Thus we omitted the normosomic vitamin E group from the 2nd cohort.
Performance in the RA Maze is displayed in Fig. 2 , which shows working memory correct (WMC, 2A), reference memory (RM, 2B), and working memory incorrect (WMI, 2C) errors (mean number±SEM) by normosomic control (black squares), Ts65Dn control (grey circles), and Ts65Dn vitamin E (open circles) groups across days of testing. The data are presented in 2-day blocks, while the dotted vertical line demarcates the early learning, or acquisition, phase (Blocks 1-4) and the later maintenance, or asymptotic, phase (Blocks 5-7).
Learning
In order to examine task learning within each group, a Poisson regression model was fitted to error levels across days. A significant decrease in error rate across days in the RA maze represents learning. The normosomic group showed significant error reductions in WMC (Fig.  2A, p<0.0001) , RM (Fig. 2B, p<0 .0001), and WMI (Fig. 2C, p<0.0001) . As in previous studies, the Ts65Dn control group showed significant learning impairments, as they were unable to reduce errors in WMC (p=0.31) and RM (p=0.07), only showing improvement in WMI (P=0.0003). The inability of Ts65Dn mice to reduce error levels across testing blocks in both working and reference memory tasks may be indicative of a failure in hippocampal-dependent spatial learning. In contrast, Ts65Dn mice receiving vitamin E supplementation exhibited learning across phases in all measures [WMC (p<0.0001); RM (p<0.0001) and WMI (p<0.0001)]. In addition, the Ts65Dn Vitamin E group reduced their errors across days at a faster rate than the Ts65Dn control group in both working memory measures [WMC (p=0.004) and WMI (p<0.0001)]. To further illustrate the disparity on WMI performance between groups, Figs. 2D-F represent three-dimensional graphs of mean errors plotted against both days and trials in each group. While the Ts65Dn control group continued to maintain a high rate of errors throughout testing, Ts65Dn Vitamin E mice reduced their errors in all the trials. The greater error reduction seen in the Ts65Dn Vitamin E group suggests that vitamin E supplementation was sufficient to facilitate spatial learning.
Acquisition vs. asymptotic phases of testing
Analysis of the acquisition phase of testing showed no significant differences between groups in WMC, RM, or WMI measures [F 2,23 (Fig. 2A, p=0.014 ) during the asymptotic phase, while Ts65Dn mice supplemented with vitamin E showed no increase in errors from the normosomic group, and a marginal decrease in errors over the Ts65Dn control group (p=0.089). Vitamin E exerted an even stronger effect on WMI errors in Ts65Dn mice, as Ts65Dn mice receiving vitamin E committed significantly fewer WMI errors than Ts65Dn controls (Fig. 2C,  p=0.0021) . Taken together, these data indicate that the vitamin E supplementation was able to improve spatial learning and memory in Ts65Dn mice.
Working memory load
In addition to showing differences in error rates across days, Figs. 2D-F also depict changes in error rates across trials between the groups, an effect noted especially during the asymptotic testing phase. Fig. 3 illustrates the number of WMC (Fig. 3A) and WMI (Fig. 3B ) errors made by each group for each trial collapsed across the asymptotic portion of the RA maze. As each subsequent trial requires memory of the platform locations found on previous trials, analysis of error rate across trials represents performance as working memory load increases. There was an overall trial × group interaction in WMI errors [F 3,6 =5.73; p<0.0001] during the asymptotic phase of testing. This interaction points to the highly significant increase in WMI trial 4 errors in the Ts65Dn control group over the other groups. To confirm this trial 4 effect, a separate analysis of the final trial showed significant differences in WMI [ Fig. 3B ; F 2,23 =6.82; p=0.0047], with the Ts65Dn Vitamin E group performing better than Ts65Dn control mice (p=0.0062) and nearly as well as their normosomic littermates. There were marginal differences in WMC errors in trial 4 [ Fig. 3A ; F 2,23 =2.78; p=0.083], with Ts65Dn control mice performing worse than normosomic mice (p=0.028), while vitamin E supplemented Ts65Dn mice were not statistically different. Collectively, these findings suggest that Ts65Dn vitamin E mice were able to maintain a higher working memory load than Ts65Dn mice receiving control diet.
Vitamin E lowered oxidative stress levels in the Ts65Dn brain
In order to evaluate the effects of vitamin E on the levels of oxidative stress in the Ts65Dn mouse, overall ROS activity was determined using cortical whole cell homogenates (Fig. 4A) . Oxidative potential in Ts65Dn control mice was increased [F 2,23 =4.45; p = 0.023] by nearly 40% over normosomic mice (p=0.015), while vitamin E-treated Ts65Dn mice exhibited ROS activity levels that were lower than Ts65Dn controls (p=0.013) and comparable with normosomics. Not only were cortical ROS levels in Ts65Dn controls elevated, these levels correlated strongly with behavior, as Ts65Dn control mice that exhibited higher ROS levels tended to commit more errors in the fourth and final trial of testing during the asymptotic phase in both WMC (r 2 =0.93, p<0.0001; Fig. 4B ) and WMI (r 2 =0.83, p<0.0018; data not shown) measures. Due to the low variability, or clustering, of ROS values seen in the other groups, this correlation could only be performed in the Ts65Dn control group. The strong correlation between oxidative stress and working memory measures further indicates a potential involvement of oxidative stress with the decline of memory function in the Ts65Dn mouse.
Vitamin E reduced pathology of BFCNs in Ts65Dn mice
In order to determine whether vitamin E reduced the BFCN degeneration in Ts65Dn mice, we performed immunohistochemical analysis for TrkA, the high affinity nerve growth factor receptor and a reliable marker for BFCNs. Representative images of the MSN (Figs. 5A-C) depict that reductions, often asymmetric, occurred in TrkA-positive neurons in Ts65Dn mice. These losses in BFCNs were not present in Ts65Dn mice treated with vitamin E. Stereologic cell counting of TrkA-positive neurons in the MSN revealed a significant difference in the number of cholinergic neurons between groups [ Fig. 5D ; F 2,22 =3.13; p=0.032] using a onetailed test, as we have previously shown decreases in TrkA-positive neurons (Granholm et al., 2000) , with Ts65Dn controls exhibiting the lowest neuron counts. Post-hoc analysis showed a significant difference in neuron number between the normosomic and Ts65Dn control groups (p=0.029), and near significance between Ts65Dn control and Ts65Dn vitamin E groups (p=0.053). There were no differences between normosomic and Ts65Dn vitamin E groups (p=0.66). On closer analysis (Fig. 5F ), there appeared to be greater neuron loss on the second cohort of mice that reached 10 months of age. An independent analysis of the 10-month cohort revealed even stronger differences in cell number [F 2,12 =5.51, p=0.02] . Not only did Ts65Dn mice show a significant drop in the number of BFCN at the older age (against normosomic mice, p=0.015), but Ts65Dn vitamin E-treated mice exhibited more BFCNs than Ts65Dn control and no cell loss compared to the normosomic group.
Cell size is another reliable indicator of BFCN viability, and cholinergic neuron atrophy is a common pathological hallmark for AD, DS, and their animal models, and correlates well with memory loss (Koh et al., 1989) . Image analysis of sections stained with TrkA antibody using the nucleator cell size measurement method (Fig. 5E ) revealed that the Ts65Dn control group exhibited lower neuronal areas in TrkA-positive neurons [overall effect: F 2,23 =7.826; p=0.0026], consistent with neuronal atrophy. Not only were Ts65Dn control cholinergic neurons nearly 20% smaller than in normosomic controls (p=0.0006), they were also significantly smaller than Ts65Dn vitamin E neurons (p=0.0183), further indicating that vitamin E was able to attenuate the amount of BFCN atrophy seen in the Ts65Dn mice. A similar analysis of cohorts showed that vitamin E had a greater effect on neuron volume in Ts65Dn mice in the 8-month-old group (Fig. 5G) , while in the 10-month-old cohort Ts65Dn mice receiving vitamin E had decreased neuronal area with respect to normosomic mice. Since BFCN atrophy precedes neuronal loss in Ts65Dn mice (Granholm et al., 2000) , the data suggests that vitamin E was effective at delaying the progression of BFCN loss, but was not sufficient to completely prevent cholinergic decline at the later stage of development.
APP processing is affected in Ts65Dn mice following vitamin E administration
The degeneration of cholinergic neurons in the Ts65Dn mouse has been shown to result in part from the additional gene load of APP (Salehi et al., 2006) . Therefore we assessed whether vitamin E's protective effects may be mediated through altering APP dynamics. As murine β-amyloid measurements require large amounts of tissue we chose to assess APP processing by analyzing APP metabolites instead. Representative Western blot data depicting the levels of APP-FL and its metabolites, CTF-α and CTF-β, in prefrontal cortex lysates are shown in Fig.  6A . In control Ts65Dn and Ts65Dn treated with vitamin E, APP-FL (Fig. 6B) , CTFα (Fig.  6C) , and sAPP (Fig. 6E ) levels were elevated significantly compared to normosomic mice. Yet while APP-FL and sAPP levels appeared consistent between Ts65Dn and Ts65Dn Vitamin E groups and reflect the 50% increase in gene load of APP, densitometry revealed an increase in CTFα in the Ts65Dn Vitamin E group beyond these levels [F 2,9 =15.85; Ts65Dn vs. Ts65Dn Vitamin E: p=0.03; n=4 per group]. Normalizing CTFα levels to APP-FL band intensity as an internal control, a method used to assess the activity of the alpha-cleavage pathway (Obregon et al., 2006 , Zhou et al., 2008 , further indicates that CTFα accumulates in Ts65Dn Vitamin E mice compared to both normosomic and Ts65Dn mice [Fig. 6E, F 2, 9 =6.871, p=0.003 and p=0.06, respectively] , while no significant difference emerged between normosomic and Ts65Dn mice. As expected, for wild-type APP, CTFβ is present at very low levels, and thus we could not accurately quantify it, though visual examination of dark exposures suggest that CTFβ levels may also increase following vitamin E. While vitamin E did not appear to affect APP levels and therefore its synthesis, elevated CTFs suggest either an increase in α-secretase activity or a decrease in CTF breakdown, which is regulated primarily through the γ-secretase complex.
Vitamin E attenuated altered hippocampal morphology in Ts65Dn mice
Previous studies in our laboratory have demonstrated that Ts65Dn mice exhibit a decline in CB-positive staining in the cell bodies and apical dendrites of hippocampal pyramidal cells (Hunter et al., 2004) . CB is found in a subpopulation of hippocampal neurons, and similar decreases measured in Alzheimer's individuals have been implicated in contributing to a rise in excitotoxicity and oxidative stress (Sutherland et al., 1993) . In order to determine whether vitamin E influenced CB expression in Ts65Dn mice, immunohistochemical analysis of CBpositive neurons was performed. Ts65Dn control mice exhibited a reduction in CBimmunoreactivity in the CA1/CA2 regions of the hippocampus (Fig. 7B) relative to normosomic controls (Fig. 7A) , while the Ts65Dn vitamin E group showed an attenuated loss (Fig. 7C ). This decrease in staining was most evident in the apical dendrites of pyramidal neurons within the molecular layer of CA1. Semiquantitative densitometry confirmed this loss [ Fig. 7D ; F 2,23 =6.95; p=.004] and revealed a substantial decrease in CB-immunoreactivity in the CA1/CA2 region of Ts65Dn control animals (p=0.001). Vitamin E-treated Ts65Dn mice showed a marginal improvement over the Ts65Dn control group (p=0.07). A cohort analysis (Fig. 7E) revealed that CB-immunoreactivity was lower in the 10-month-old cohort of vitamin E-treated Ts65Dn mice, and was not statistically different compared to normosomic expression density in the 8-month group. This suggests that vitamin E was able to slow the loss of CB expression that occurs in Ts65Dn mice.
Discussion
The current findings indicate that long-term supplementation with vitamin E delays impairment in cognitive performance, preserves markers of cholinergic cell survival and sustains hippocampal morphology in Ts65Dn mice. Oxidative stress levels were normalized in Ts65Dn mice treated with vitamin E and APP metabolism appeared altered, indicating a potential mechanism for its action. The efficacy with which vitamin E was able to improve neuronal and oxidative stress markers in Ts65Dn mice suggests that dietary intake of vitamin E may be sufficient to counteract the increased oxidative stress that was observed in this particular mouse model, and may be generalized to neurodegenerative diseases such as DS and AD in humans.
Here we found that untreated Ts65Dn mice were unable to reduce their error rates across days of testing. The lack of sustained behavioral improvement in this study was consistent with previous work in our laboratory and others which found deficits in spatial tests in adult Ts65Dn mice, indicating learning and memory impairment (Granholm et al., 2000; Hunter et al., 2003a,b; Reeves et al., 1995) . In contrast to Ts65Dn controls, Ts65Dn mice receiving vitamin E supplementation were able to reduce their rate of errors on all indices across days of testing in the RA Maze (Fig. 2) , suggesting learning capability. Vitamin E-treated Ts65Dn mice showed a slower rate of error reduction than the normosomic controls, and did not differentiate themselves from Ts65Dn controls until the last three blocks of testing. The Ts65Dn vitamin E group performed as well as the normosomic group in both WMC and WMI measures by the final block of testing ( Figs. 2A and C) . These learning curves suggest that Ts65Dn mice treated with vitamin E acquired the task more slowly than control animals, yet once the task was learned they exhibited proficient memory function.
Trial by group analysis revealed that vitamin E treatment provided an even greater effect on Ts65Dn performance during trials with higher memory loads. A disproportionate number of errors committed by the Ts65Dn controls occurred during the later trials, when working memory load was highest. This sensitivity to memory load has been recognized in previous studies (Bimonte-Nelson et al., 2003; Hunter et al., 2004a,b; Hunter et al., 2003a,b) . Ts65Dn mice treated with vitamin E did not exhibit increased errors with the higher memory load, and performed at or near normal levels on the final trial during the asymptotic phase of testing. The indices in the studies presented here, especially working memory load measures, may have direct or indirect implications for learning impairments such as the declines in word and digit span which develop in AD. These deficits in working memory load are among the earliest indicators of memory dysfunction in dementia (Devenny et al., 2000) , and can be found in DS adults prior to cognitive deterioration (Oliver et al., 2005) . Therefore, early vitamin E supplementation in DS individuals may aid in delaying the cognitive decline seen as they enter middle-age. This will be an interesting target group for future clinical studies.
As vitamin E was effective in delaying memory deficits in the RA Maze, this study sought to determine if vitamin E exerted these effects through the protection of BFCNs. Reduced cholinergic signaling to cortical systems correlates strongly with the decline in memory function in both human and animal systems , and our laboratory has previously shown a temporal connection between the onset of spatial memory deficits and the atrophy and subsequent loss of BFCNs in the Ts65Dn mouse (Granholm et al., 2000) . Through unbiased stereological cell counting and cell area measurements we found that vitamin E delayed the onset of BFCN pathology in Ts65Dn mice by reducing neuronal atrophy in the 8-month-old cohort, and preventing the loss of TrkA-positive cells in the 10-month-old cohort. Our findings in the Ts65Dn controls are in line with previous work, which found reduced cholinergic neuron size in Ts65Dn mice by 6 months of age (Granholm et al., 2000) , followed by progressive neuronal loss starting at 10 months of age (Cooper et al., 2001; Hunter et al., 2004a,b; Seo and Isacson, 2005) as evidenced by others as well (Cooper et al., 2001; Holtzman et al., 1996) . Cholinergic atrophy is an age-associated event in humans, non-human primates, and rodents (Holtzman et al.,1993; Smith et al.,1999; Whitehouse et al.,1982) , and the reversal of this atrophy has been linked to improvement in memory function (Martinez-Serrano et al., 1996) . Therefore; it seems likely that prevention of cholinergic atrophy in Ts65Dn mice treated with vitamin E contributed to the improved memory function found in this study.
Vitamin E has proved efficacious in reducing markers of oxidative stress (Hong et al., 2004 , Pratico et al., 1998 , restoring endogenous antioxidant enzyme functions to normal levels (Zaidi and Banu, 2004) , and improving performance in hippocampal-dependent tasks such as the radial arm and Morris water mazes in rodent models of oxidative stress (Fukui et al., 2002; Veinbergs et al., 2000) .We have demonstrated that the Ts65Dn mice examined here have higher levels of ROS activity in cortical regions. This finding has not been reported in Ts65Dn mice before, though it is consistent with elevated oxidative stress markers in DS individuals (Jovanovic et al., 1998) , and impaired mitochondrial function in another DS model, the Ts1Cje mouse (Shukkur et al., 2006) . Oxidative stress further defines the Ts65Dn mouse as an appropriate model for the neuropathology seen in DS. Vitamin E supplementation was able to reduce these markers of oxidative stress to the levels of their normosomic counterparts, indicating that antioxidants may be effective in normalizing stress levels. Also noteworthy is the significant correlation between cortical ROS levels in Ts65Dn and impaired behavior in working memory components of the RA maze. Previous rodent studies have shown that vitamin E is able to recover impairments to long-term potentiation (LTP) seen with elevated levels of oxidative stress (Murray and Lynch,1998; Xie and Sastry,1993) . Vitamin E may be acting to facilitate learning and memory by a similar mechanism here, as the Ts65Dn mouse has been found to exhibit significant LTP impairments (Siarey et al., 1997) .
Despite the absence of amyloid plaques in the Ts65Dn mouse, APP appears to play a crucial role in the onset of memory loss and cholinergic neurons (Salehi et al., 2006) . There is substantial evidence that monomers and oligomers of β-amyloid, derived from β-secretase activity, are toxic in the brain, disrupting cell signaling, causing synapse degeneration, and in some cases leading to neuronal death (Bayer and Wirths, 2008) . One possible mechanism through which vitamin E may exert its influence is through the modification of APP metabolism, therefore reducing toxic species. Vitamin E did not appear to influence the production of APP-FL, and in fact showed modestly higher levels of sAPP (Fig. 6D) . These data are consistent with previous work from our laboratory and others (Salehi et al., 2006) showing that APP-FL elevated levels according to gene load, while sAPP accumulates with age (Hunter et al., 2003a,b) . This accumulation is consistent with the idea that intracellularly processed APP (Sambamurti et al., 1992) accumulates in vesicles known to build up in this model (Cataldo et al., 2003) . Interestingly, CTFα levels were higher in Ts65Dn mice treated with vitamin E (Fig. 6C) , and normalization of the ratio of this fragment to APP-FL (Fig. 6D) indicates that this increase in CTFα did not result from enhanced APP synthesis, but rather suggests a shift towards an enhancement of APP turnover via α-secretase cleavage elevated in the prefrontal cortex tissue in Ts65Dn Vitamin E. Secreted APPα, derived from the alternate cleavage pattern via α-secretases, has been shown to have neuroprotective effects in the brain (Goodman and Mattson, 1994) , and may facilitate learning and memory (Mattson and Pedersen, 1998) . The homeostasis between the α-and β-secretase cleavage pathways may be modified by oxidative stress, as BACE-1, a β-secretase enzyme, is upregulated following lipid peroxidation (Tamagno et al., 2005) , and oxidative stress can facilitate β-amyloid formation (Coma et al., 2008) . The antioxidant potential of vitamin E may be acting to modify APP cleavage patterns in the Ts65Dn mouse in a similar fashion, as suggested by our Western blot data described above. Another possible cause of this accumulation of CTFα would be a reduction in its breakdown via γ-secretase. The γ-secretase complex is most notably involved in the breakdown of CTFβ fragment that unleashes β-amyloid, thus any reduction in its activity may reduce intracellular β-amyloid accumulation. Future studies should elucidate whether an alteration in APP processing is responsible for the preservation of BFCNs and memory function in this model.
Although cholinergic degeneration is recognized as an important biomarker for dysfunctional limbic system pathways, the hippocampus exhibits early morphologic and electrophysiologic pathology in the Ts65Dn mouse (Belichenko et al., 2004 ). Here we show that vitamin E may also have a neuroprotective function in the hippocampus. Our laboratory has previously documented a reduction in CB-immunoreactivity in the CA1 region of the hippocampus (Hunter et al., 2004a,b) . In the present study, Ts65Dn mice receiving vitamin E supplementation exhibited higher CB levels than untreated Ts65Dn mice. CB levels are reduced in the hippocampus of AD patients (Sutherland et al., 1993) , and upregulation of CB expression reduces mitochondrial dysfunction and oxidative stress triggered by β-amyloid in vitro (Guo et al., 1998) . It may therefore be relevant that an increase in CB levels is associated with decreases in oxidative stress, and it is possible that vitamin E may exert some of its neuroprotective properties via an increase in CB. Further studies must determine whether the increase in CB expression observed with vitamin E here is a direct response of vitamin E treatment in Ts65Dn mice, or if it merely represents preserved neuronal phenotype of the hippocampal pyramidal cells. Nonetheless, these neurons represent an interesting target for neuroprotection, since they are preferentially innervated by BFCNs (Ludkiewicz et al., 2002) , thus providing another physiological link between cholinergic and hippocampal neurons in degenerative disease.
The lifespan of DS individuals has increased dramatically in recent years, emphasizing the need to develop sustainable treatments for dementia in these individuals. The progression of pathology that occurs in DS is poorly understood, and it is not currently known whether the developmental delays and mental retardation seen in DS children are caused by the same genes that induce this cognitive deterioration in DS adults. There have been clinical trials testing antioxidant supplements in young children with DS, and these have shown little or no efficacy in improving cognitive development (Bennett et al., 1983; Ellis et al., 2008) . These results may indicate that there are differing etiologies between the early pathology seen in children and the dementia in DS adulthood, or they may indicate the limitations of vitamin E as therapy. While randomized clinical trials assessing treatment show far less efficacy (Petersen et al., 2005; Sano et al., 1997) , longitudinal studies have shown vitamin E to reduce cognitive loss and dementia (Grodstein et al., 2003; Masaki et al., 2000) . While DS shares with AD this early rise in oxidative stress levels, there may be divergent etiologies of this stress. DS in particular seems to contain a genetic predisposition to increased levels of oxidative species (Busciglio and Yankner, 1995) , and an antioxidant intervention may show more promise with this group than with the population at large. Also, vitamin E may require long-term supplementation to provide bene.t as a protective mechanism (Yaffe, 2007) , and short interventions may not be sufficient to reverse the neuronal changes already occurring in children with DS. There is an on-going phase III clinical trial assessing the efficacy of vitamin E in aging persons with DS (Dalton, 2006) . This important trial will provide definitive evidence as to whether vitamin E can restore language and motor function in an aging population. Our study, which begins dietary supplementation prior to memory decline, indicates that vitamin E supplementation may show benefit in younger individuals as preventive therapy. Utilizing a mouse model for the cholinergic degeneration and cognitive decline seen in adult DS individuals, this study showed that vitamin E supplementation, when initiated early in adulthood, was effective in attenuating cognitive changes and emphasizes the use of vitamin E prior to the outward manifestation of cognitive decline. We believe that these results advocate clinical trials in DS individuals prior to advanced memory impairment. As vitamin E is a common, accessible supplement that is normally well tolerated in adults, this would be a low risk, potentially efficacious target substance to further study in a condition that inevitably leads to AD-like pathology in DS. Treatment strategy. (A) Ts65Dn mice begin to show deficits in spatial and working memory tests between 4 and 6 months, while degeneration of basal forebrain cholinergic neurons is first evident at 6 months with decreased cell size, followed by a reduced cell number by 8-10 months. This study initiated vitamin E dietary supplementation at 4 months of age, prior to cognitive and morphological alterations in Ts65Dn mice, and mice were maintained on control or vitamin E-enriched diets through 2 weeks of behavioral testing in the radial arm maze. Mice were sacrificed between 8 and 10 months of age, immediately following behavioral testing. (B) Latency to find the platform (seconds) during the first and final (fifth) trials on the visible platform task. There were no significant differences in performance on the simple visible platform test. Vitamin E-treated Ts65Dn mice improve performance on RA maze. WMC (A), RM (B), and WMI (C) errors±SEM collapsed across 2-day trial blocks. Testing blocks were separated into an acquisition, or learning, phase (days 2-9) and an asymptotic, or maintenance, phase (days 10-15), as shown by the vertical dotted line. A 3D graph of WMI errors plotted across both days and trials showing normosomic (D), Ts65Dn control (E) and Ts65Dn Vitamin E (F). Normosomic and Ts65Dn Vitamin E groups exhibited learning on WMC, RM, and WMI, while the Ts65Dn control group only showed a modest error reduction on WMI. Each block was analyzed separately using a simple ANOVA, and group differences were represented by * (p<0.05). The Ts65Dn control group performed more WMC errors than normosomics and more WMI errors than normosomic and Ts65Dn vitamin E mice. There were no statistical differences between the normosomic and Ts65Dn Vit E groups in the asymptotic phase of testing (normosomic control, n=9; Ts65Dn control, n=7; Ts65Dn vitamin E, n=10). Working memory load. Trial by group interactions for the asymptotic phase (days 10-15) of testing are shown for WMC (A) and WMI (B), with the y-axis depicting mean errors per trial ±SEM, averaged over the last three blocks of testing. Trial progression escalates the amount of information required for task completion, and therefore serves to model increases in memory load. Ts65Dn control mice committed more errors on trial 4, when working memory load was highest. This impairment in Ts65Dn memory load appears to be improved with vitamin E supplementation (*p<0.05, **p<0.01). Vitamin E prevented cholinergic degeneration in the medial septal nucleus (MSN) of Ts65Dn mice. Cholinergic neurons were identified by the high affinity NGF receptor TrkA immunostaining in 8-10-month mice. Normosomic animals demonstrated a strong TrkA immunoreactivity in the MSN (A), while Ts65Dn controls exhibited weaker staining as well as regional asymmetry of TrkA-positive neuron distribution in the MSN (B). These abnormalities were not seen in Ts65Dn vitamin E mice (C). Stereological cell counting showed that Ts65Dn mice exhibited neuronal loss (*p<0.05, + p=0.053) in the medial septal nucleus (D), while separate analysis of cohorts demonstrated the greatest cell loss in the 10-month-old cohort (F). Vitamin E-treated mice did not exhibit of BFCN compared with normosomic littermates. Cell area measurements also showed a significant reduction in TrkA-positive cell area in Ts65Dn controls (*p<0.05, ***p<0.001) compared to normosomic and Ts65Dn vitamin E mice (E), while cohort analysis demonstrated that vitamin E had the greatest effect on the 8-month-old cohort (G). Values are mean cell size±SEM (normosomic control, n=9; Ts65Dn control, n=7; Ts65Dn vitamin E, n=10). Scale bar=100 µm. APP metabolism is altered following vitamin E supplementation in Ts65Dn mice. Western blot depicting the levels of full length APP and its CTFs using O443 and secreted APP using 22C11 (A). Densitometric analysis of bands corresponding to APP-FL (B) and APP-CTFα (C) reveals that APP expression is elevated in both treated and untreated Ts65Dn mice (APP-FL: Normosomic=4.657±0.203; Ts65Dn=5.787±0.159; Ts65Dn Vit E=5.981±0.135), while CTFα levels in Ts65Dn Vitamin E mice are statistically increased over their untreated counterparts (APP-CTF: Normosomic=0.899±0.070; Ts65Dn=1.315±0.102; Ts65Dn Vit E=1.656±0.110). Secreted APP levels are increased in Ts65Dn and Ts65Dn Vitamin E mice, though the treated mice show a non-significant increase over Ts65Dn controls (D, sAPP: Normosomic=2.124±0.131; Ts65Dn=3.056±0.095; Ts65Dn Vit E=3.245±0.027). Ratio of APP-CTFα to APP-FL as a measurement for the relative metabolism of APP in prefrontal cortex tissues (E). Guinea pig brain (GPB) lysate (A) is a positive control for APP-FL. Data are mean±SEM, normalized by the total protein stain Ponceau S (n=4 per group). Vitamin E attenuated the loss of calbindin D-28k expression in the hippocampus of Ts65Dn mice. Immunohistochemical analysis of hippocampal neurons demonstrate robust Calbindin immunoreactivity in CA1 pyramidal neurons of normosomic animals (A). Ts65Dn control animals exhibit reduced staining at the cell body and apical dendrite (B), while vitamin E treatment partially recovers this loss (C). Densitometry revealed that Ts65Dn control mice had reduced CB-immunoreactivity in the CA1/CA2 region compared to normosomic controls (D, ***p<0.001). Ts65Dn vitamin E mice show a marginal increase in CB over Ts65Dn control (D, + p=0.07) mice, while a cohort analysis showed that this increase was most prominent at 8 months of age (E). Values are mean±SEM staining intensity normalized to background. Scale bar=100 µm.
